Abstract : Hsp33, a prokaryotic molecular chaperone, exerts holdase activity in response to oxidative stress. In this study, the stepwise conformational change of Hsp33 upon oxidation was monitored by NMR. In order to overcome its high molecular weight (33 kDa as a monomer and 66 kDa as a dimer), spectra were simplified using a selectively [ 15 N]His-labeled protein. All of the eight histidines were observed in the TROSY spectrum of the reduced Hsp33. Among them, three peaks showed dramatic resonance shifts dependent on the stepwise oxidation, indicating a remarkable conformational change. The results suggest that unfolding of the linker domain is associated with dimerization, but not entire region of the linker domain is unfolded.
INTRODUCTION
Hsp33 is a prokaryotic molecular chaperone protecting cells from severe oxidative stress. [1] [2] The expression of Hsp33 is regulated by heat at transcriptional level, but the protein is post-translationally activated by oxidation. Under normal, reducing condition, Hsp33 behaves as a monomer and binds a
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zinc ion via four conserved cysteines at its C-terminal, redox-switch domain. Upon oxidation of the four conserved cysteines, which leads to two intramolecular disulfide bonds, the redox-switch domain becomes unfolded with releasing the zinc ion. Finally, the oxidized Hsp33 forms a dimer with holdase activity that binds folding intermediates as substrates. It has been suggested that the activated Hsp33 can also adopt high-order oligomers which have more potent chaperone activity than the dimeric form. 3 In addition, Ilbert et al. 4 have identified an oxidized monomer form of Hsp33, where only two of the four conserved cysteines are oxidized. It is still controversial whether the oxidized monomer form is inactive or just partially active. [4] [5] [6] However, it is clear that the smallest active unit of native Hsp33 is an oxidized dimer form. Thus, dimerization seems to be associated with complementing chaperone activity of native Hsp33.
Up to now, several crystal structures of Hsp33 have been solved. [7] [8] [9] [10] [11] However, a detailed process of the oxidation-induced activation of Hsp33 is still the subject of much controversy, as the crystal structures contain features that lead to doubts about their physiological relevance. Thus, in the present study, we employed NMR to monitor the oxidation-induced conformational change of Hsp33 in solution. Since the oxidized monomer contains significant portion of unfolding, 4 its hydrodynamic size could be enlarged than expected from the reduced monomer size. NMR spectrum of each oxidized species could be measured independently (Figure 2 ), because they were not reequilibrated after separation by gel permeation chromatography. As illustrated in Figure 3B , peaks 2 and 5 of the reduced monomer spectrum (black) showed dramatic shifts in the oxidized monomer spectrum (red). It is known that the C-terminal redox-switch domain (green in Figure 3A ) totally unfolds upon oxidation. Thus, such a dramatic resonance shift of peaks 2 and 5 is attributable to unfolding process, and the two peaks can be assigned to H264 and H271 residues in the redox-switch domain. In contrast, a noticeable perturbation is not expected for the other histidine, H294, in the redox-switch domain, which is the C-terminal last residue. The peak 8 in Figure 3B can be reasonably assigned to the H294, judging from its position and its extremely high intensity, which are usually observed for the C-terminal residue of proteins.
The peak 3 in Figure 3B was just slightly shifted from the reduced monomer to the oxidized monomer spectrum, but it remarkably shifted in the oxidized dimer spectrum. Ilbert et al. 4 have suggested that the linker domain (blue in Figure 3A ) is unfolded in the oxidized dimer, but not in the oxidized monomer. Thus, the peak 3 can be assigned to H189 or H216, which are located in the linker domain. Among them, we suggest that the peak 3 originates from H216, rather than H189, since the oxidation-induced unfolding of Hsp33 would be propagated from the C-terminal domain.
This means that the region around the H189 is not unfolded in the oxidized, dimeric Hsp33. Likewise, it is inferred that the N-terminal core domain that contains H6, H10 and H37 would not undergo significant conformational change, as no other notable perturbations were observed.
In summary, the oxidation-induced conformational change of Hsp33 was monitored by NMR, using a selectively isotope labeled sample. The results confirm that the conformational change of
Hsp33 upon oxidation occurs in a stepwise manner. The intermediate oxidation, by which only two of the four conserved cysteines are oxidized, results in entire unfolding of the C-terminal redox-switch domain. Then, the linker domain is unfolded upon complement oxidation of the remaining two cysteines. However, the second unfolding does not include the whole region of the linker domain.
Thus, it can be conclusively suggested that partial unfolding of the linker domain would be a critical factor for dimerization of Hsp33, as well as for achieving complete activity.
